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RheologyThe potential use of ﬂaxseed protein isolate (FPI) as an emulsifying agent was studied in combination withwhey
protein isolate (WPI) or alone. All the FPI and WPI–FPI emulsions were kinetically unstable. The increase of FPI
concentration (0.7% w/v) led to a higher creaming stability of the FPI emulsions due partly to a reduction in
interfacial tension between aqueous and oil phases, but mainly to the gel network formation. However at this
same high FPI concentration, WPI–FPI emulsions showed a decrease in droplet size and creaming stability,
which could be due to the presence of ﬂaxseed gum in the protein isolate enhancing depletion effects. A protein
excess was veriﬁed in the mixed systems (0.14 or 0.7% (w/v) FPI) and the increase of FPI concentration led to an
even greater surface protein content. Increasing homogenization conditions (pressure and number of passes),
the creaming stability of the FPI systems increased, mainly at higher concentration (0.7% w/v). Meanwhile, in
the mixed systems, the creaming stability of the emulsions containing 0.7% (w/v) FPI decreased even more,
but was improved for the emulsions with 0.14% (w/v) FPI. Thus, it was observed that systems containing only
FPI at higher concentration were stabilized by gel formation, while inWPI–FPI systems there was a competition
by interface between biopolymers with a consequent depletion process. As a result, more stable systems were
obtained with WPI addition at lower FPI concentration (0.14% w/v) and using higher homogenization pressure
and number of passes (60 MPa, two passes).
© 2014 Elsevier Ltd. All rights reserved.1. Introduction
Many food products are partially or fully composed by emulsions, as
for example, mayonnaise, ice cream, milk, butter, cheese, soups, bever-
ages, and the most common form of emulsions in foods is oil-in-water
(O/W) (McClements, 2005;Waraho,McClements, & Decker, 2011). Tra-
ditionally, the high-pressure homogenization of the oil and aqueous
phases in the presence of one or more emulsiﬁers is used to produce
O/W emulsions (Guzey & McClements, 2006). Proteins are used as
emulsiﬁers because of their amphiphilic character, which facilitates
the emulsion formation, improves its stability and produces desirable
physicochemical properties (McClements, 2004). Proteins can adsorb
on the surfaces of freshly formed oil droplets during homogenization,
reducing the interfacial tension and forming a membrane around the
droplets in order to protect them from aggregation by generating repul-
sive interactions (Guzey & McClements, 2006; McClements, 2005).
However, at isoelectric point there are interactions between droplets
that can lead to destabilization of the systems, whichmakes the produc-
tion of stable emulsions challenging.
Whey proteins have been widely used in food products due to their
high nutritional value and excellent technological properties, such as55 19 3521 4027.
ghts reserved.the emulsifying properties (Morr & Ha, 1993). Due to its amphiphilic
character, whey protein isolate (WPI) can provide protection to the oil
droplets through a combination of electrostatic and steric interactions,
stabilizing the emulsions against ﬂocculation and/or coalescence
(Sun & Gunasekaran, 2009; Taherian, Britten, Sabik, & Fustier, 2011).
Flaxseed proteins besides their health beneﬁts (Rabetaﬁka,
Remoortel, Danthine, Paquot, & Blecker, 2011) also have interesting
technological properties, such as greater capacity to absorb water and
oil as compared with soybean protein isolate (Dev & Quensel, 1986).
Flaxseed proteins consist of two major fractions, one salt-soluble with
high molecular weight (11–12S) and another water-soluble with low
molecular weight (1.6–2S) (Chung, Lei, & Li-Chan, 2005; Madhusudhan
& Singh, 1985a, 1985b;Marcone, Kakuda, & Yada, 1998; Youle & Huang,
1981). Hydrophilic properties of ﬂaxseed proteins are inﬂuenced by the
presence of polysaccharide gums (Dev & Quensel, 1988; Oomah &
Mazza, 1993), which can also interfere with the settling and isolation
of the protein (Oomah & Mazza, 1993; Smith, Johnsen, & Beckel,
1946). Emulsifying properties of ﬂaxseed proteins have been evaluated
in pure and mixed systems (Karaca, Low, & Nickerson, 2011; Krause,
Schultz, & Dudek, 2002; Martínez-Flores et al., 2006; Wanasundara &
Shahidi, 1997; Wang, Li, Wang, Adhikari, & Shi, 2010a; Wang, Li,
Wang, & Özkan, 2010b; Wang, Wang, Li, Adhikari, & Shi, 2011). The
gum Arabic addition (up to 2% w/w) increased the viscosity and conse-
quently improved the stability of oil-in-water emulsions stabilized by
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a higher stability of soybean oil-in-water emulsions was observed with
increasing FPC concentration (Wang et al., 2010a). However, to the best
of our knowledge, there are no publishedworks related towhey protein
isolate–ﬂaxseed protein isolate emulsions.
Therefore, the objective of this work was to evaluate the potential
use of ﬂaxseed protein isolate as an emulsiﬁer agent and its interaction
withWPI. Systems containing ﬂaxseed protein or mixed whey protein–
ﬂaxseed protein were prepared under high pressure homogenization
(40 or 60MPa)with one or two passes through the homogenizer. Inter-
facial tension and emulsions properties such as creaming stability,
droplet size, microscopy, rheology and protein load were analyzed, in
order to characterize, ﬁnd a better creaming stability condition and
understand the stabilization mechanisms in these systems.
2. Material and methods
2.1. Material
The whey protein isolate (WPI) was obtained from New Zealand
Milk Products (ALACEN895, New Zealand) and theﬂaxseed protein iso-
late (FPI) was extracted from partially defatted ﬂaxseed meal (Cisbra,
Panambi, RS, Brazil), according to methodology described by Silva,
O'Callagahan, O'Brien, and Netto (2013), and their composition is
shown in Table 1. Flaxseed oil was purchased from Cisbra (Panambi,
RS, Brazil), showing the following fatty acid composition: 6.2% C16:0,
5.3% C18:0, 20.1% C18:1, 13.7% C18:2 and 52.3% C18:3. All other
reagents were of analytical grade.
2.2. Preparation of the WPI and the FPI stock solutions
The WPI (10% w/v) and the FPI (2% w/v) stock solutions were pre-
pared by dispersion of the powders in deionized water using magnetic
stirring for 90 and 120 min, respectively, at room temperature (25 °C).
The pH of the solutions was then adjusted to 7.0 ± 0.3 using 10.0 M
NaOH and they were kept overnight at 10 °C to allow complete protein
dissolution.
2.3. Preparation of the emulsions
Oil-in-water (O/W) emulsions were prepared at 25 °C by homoge-
nizing the oil in the aqueous phase using two sequential homogeniza-
tion methods. The ﬁrst method involved mixing the solutions in an
Ultra Turrax model T18 homogenizer (IKA, Germany) for 4 min at
14,000 rpm. The secondmethod involved subjecting the previously pre-
paredmacroemulsion to a high-pressure homogenization process using
a Panda 2K NS1001L double stage homogenizer (Niro Soavi, Italy). The
pressure in the ﬁrst stage was 40 or 60 MPa and in the second stage
was ﬁxed at 5 MPa. Samples were subjected to one or two passes
through the homogenizer. Two types of emulsions were evaluated,
containing only FPI or a mixture of WPI–FPI. The FPI emulsions wereTable 1
Chemical composition of whey protein isolate (WPI) and ﬂaxseed protein isolate (FPI).
Composition (% w/w, wet basis) WPI FPI
Proteinsa 87.66 ± 0.91 (N × 6.38) 68.53± 0.33 (N × 6.25)
Lipidsb 0.36 ± 0.02 3.07 ± 0.11
Moisturec 4.54 ± 0.11 8.81 ± 0.02
Ashesc 1.36 ± 0.07 1.23 ± 0.03
Carbohydratesd 6.08 –
Dietary ﬁbere – 16.20 ± 0.29
a AOAC (1997) (Kjeldahl procedure).
b Bligh and Dyer (1959).
c AOAC (1997).
d Calculated by difference.
e AOAC (2005).prepared at varied concentration of FPI (0.14, 0.35 or 0.7% w/v), but
ﬁxed of ﬂaxseed oil (30% v/v). The WPI–FPI emulsions were prepared
at ﬁxed concentration of WPI (3% w/v) and ﬂaxseed oil (30% v/v), but
varied of FPI (0.14 or 0.7% w/v). WPI concentration was the same used
in a previous study (Kuhn & Cunha, 2012) and small FPI concentrations
were chosen because a very high viscosity was observed in the FPI
emulsions containing 0.7% (w/v). Sodium azide (0.02% w/v) was
added to the emulsions for microbial growth prevention and the pH
was adjusted to 7.0 ± 0.1 using 0.1 M NaOH and/or HCl.
2.4. Characterization of the O/W emulsions
2.4.1. Interfacial tension
The interfacial tension between water and oil phase using the same
composition of the emulsions (% w/v) wasmeasured using a tensiome-
ter Tracker-S (Teclis, Longessaigne, France), by the pendant (W/O) and
rising (O/W) dropmethod. Themeasurements were performed at 25±
1 °C with the formation of an oil droplet in the aqueous phase (3% WPI
solution and 0.14% FPI solution) or a droplet of the aqueous phase in the
oil phase (0.35 or 0.7% FPI solutions and 3%WPI— 0.14 or 0.7% FPI solu-
tions). The initial drop volumewas 3 μL for FPI (0.35 and 0.7%) ormixed
WPI–FPI (3%–0.7%) systems and 4 μL forWPI (3%), FPI (0.14%) or mixed
WPI–FPI (3%–0.14%) systems.
2.4.2. Creaming stability
Immediately after preparation, 25 mL of each emulsion was poured
into a cylindrical glass tube (internal diameter = 17 mm, height =
105 mm), sealed with a plastic cap and stored at 25 °C. The FPI and
WPI–FPI emulsions were stored up to reach kinetic equilibrium
(11 and 14 days, respectively). The emulsion stability was measured
by the change in height of the bottom serum phase (H) along storage
time. The creaming index (CI) was determined according to Eq. (1)
(Keowmaneechai & McClements, 2002).
CI %ð Þ ¼ H=H0ð Þ  100 ð1Þ
whereH0 represents the initial height of the emulsion. To facilitate visu-
alization of the phase separation, Sudam III (reddish dye) was added to
the ﬂaxseed oil. The analyses were carried out in duplicate.
2.4.3. Fluorescence microscopy
The microstructure of the emulsions was evaluated after 14 days of
storage (steady state conditions). The emulsions were poured onto mi-
croscope slides, covered with glass cover slips and observed using an
Olympus BX51 epiﬂuorescence microscope (Olympus, Japan), with a
digital camera DP72, and objective lenses of 10× for the FPI emulsions
and of 80× for the WPI–FPI emulsions. Rhodamine B was added to the
protein solutions in order to label the molecules and images were col-
lected using ﬁlter excitation/emission of 480–590/590 nm.
2.4.4. Particle size distribution
A Mastersizer 2000 (Malvern Instruments Ltd., Worcestershire, UK)
was used to determine the particle size distribution of the emulsions.
Samples were dispersed in distilled water (~0.03–0.06% v/v) prior to
measurements. The size of the oil droplets was expressed as the
volume-surface mean diameter (d32) and the dispersion index (span)
was also reported (Jafari, He, & Bhandari, 2007), according to Eqs. (2)
and (3), respectively. The WPI–FPI emulsions were analyzed 14 days
after their preparation and each sample was measured in triplicate.
d32 ¼
X
nid
3
i =
X
nid
2
i ð2Þ
Span ¼ d90−d10ð Þ=d50 ð3Þ
91K.R. Kuhn et al. / Food Research International 59 (2014) 89–97where ni is the number of dropletswith diameter di, and d10, d50 and d90
are diameters at 10, 50 and 90% of cumulative volume, respectively.
2.4.5. Rheological measurements
The rheological measurements were carried out using a Physica
MCR301 modular compact rheometer (Anton Paar, Austria). A stainless
steel plate geometry (75 mm) and a 0.6 mm gap were used to analyze
the WPI–FPI emulsions. For the top cream and bottom serum phases of
the FPI emulsions, a stainless steel plate geometry (50 and 75 mm) and
a 0.5 and 0.4 mm gap were used, respectively. The emulsions were
evaluated after 14 days of storage and the measurements were made
in triplicate at 25 °C. Flow curves were obtained using an up–down–up
steps program. In order to evaluate and eliminate the thixotropy, the
shear rate varied between 0 and 300 s−1. The shear time-dependence
(thixotropic behavior) was estimated using the area between the curves
of ﬁrst and last shear cycle (hysteresis) (Perrechil, Santana, Fasolin, Silva,
& Cunha, 2010; Sato & Cunha, 2007; Steffe, 1996). The third ﬂow
curve data were ﬁtted to the models for Newtonian (Eq. (4)) and
shear-thinning ﬂuids (power law model) (Eq. (5)).
σ ¼ η  γ: ð4Þ
σ ¼ k  γ: n ð5Þ
where σ is the shear stress (Pa), η is the viscosity (Pa·s), γ: is the shear
rate (s−1), k is the consistency index (Pa·sn) and n is the ﬂow behavior
index (dimensionless).
2.4.6. Protein load
The protein load (PL) is the total protein (mg) adsorbed on the oil
(g) of the top cream phase. It was determined according to adapted
methodology from Girard, Turgeon, and Paquin (2002). The FPI and
WPI–FPI emulsions were centrifuged (15,317 ×g, 45 min, 20 °C) using
a temperature-controlled centrifuge model Allegra 25–R (Beckman
Coulter, Fullerton, USA). The bottom serum phase was collected,
weighed and themass of the top creamphasewas determined by differ-
ence. The protein content of separated phases was determined by
Kjeldahl method (AOAC, 1997) and the protein load was calculated
according to Eq. (6).
PL ¼ PCPð Þ  MCPð Þ½ = OPð Þ  EMð Þ½  ð6Þ0
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Fig. 1. Interfacial tension (mN/m) between ﬂaxseed oil and protein in theWPI (3% w/v) ( ), FP
systems.where PCP and MCP correspond to the protein concentration (%) and
the total mass (mg) of cream phase after centrifugation, respectively,
OP is the oil concentration in the initial emulsion (30% v/v) and EM is
the emulsion mass (g).
The surface protein concentration (SPC) (mg/m2) of the WPI–FPI
emulsions was calculated as the ratio of the protein content (mg/g of
emulsion) in the top cream phase (PCP) to the surface area (m2/g of
sample) of the oil droplets, determined from the particle size distribu-
tion analysis (Section 2.4.4), according to Eq. (7).
SPC mg=m2
 
¼ PCP=surface area ð7Þ
2.5. Statistical analysis
The resultswere evaluated by analysis of variance (ANOVA), and sig-
niﬁcant differences (p b 0.05) between the treatments were evaluated
by the Tukey's procedure. The statistical analyses were carried out
using the software STATISTICA 6.0 (Statisoft Inc., Tulsa, USA).
3. Results and discussion
3.1. Interfacial tension
The interfacial tension between aqueous and oil phases is shown in
Fig. 1. The initial interfacial tensionwas around 9.8mN/m forWPI system
anddecreased from10.9 to 9.0mN/m in the FPI systemswith the increase
of FPI concentration from 0.14 to 0.7% (w/v). Nonetheless, for all the sys-
tems, the interfacial tension decreased with time, reaching values around
1.5–2.5 mN/m under steady state. The initial interfacial tension at water–
ﬂaxseed oil interface was slightly lower (8.1–8.7 mN/m) for the mixed
systems. However, the systems containing only FPI (0.35 or 0.7% w/v)
took less time (2500–3100 s) to reach equilibrium interfacial tension
than the systems with WPI–FPI (4500–6600 s).
3.2. FPI emulsions
3.2.1. Creaming stability
All the emulsions stabilized by FPI (0.14, 0.35 or 0.7%w/v) showed ki-
netic instability, forming a bottom serum phase and a top cream phase.
The creaming index (CI) of these emulsions with the storage time is
presented in Fig. 2. Emulsions stabilized with lower FPI concentration
(0.14% w/v) were the least stable, exhibiting the highest equilibrium0 10000 12000 14000
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Fig. 2. Effect of ﬂaxseed protein isolate (FPI) concentration on the creaming index (CI) of the O/W emulsions homogenized at 40 or 60 MPa, with one or two passes through the homog-
enizer. FPI concentration: (Δ) 0.14, (□) 0.35 or (X) 0.7% (w/v).
Fig. 3.Microstructures of the top cream phase of the O/W emulsions containing 0.14, 0.35
or 0.7% (w/v) FPI and 30% (v/v) ﬂaxseed oil. Scale bar = 100 μm.
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number of passes through the homogenizer.
An increase in homogenization pressure and/or the number of
passes exerted little inﬂuence on the CI of the emulsions containing
0.35% (w/v) FPI (similar CI at equilibrium). However, the separation ki-
netics of the emulsionswas different. Emulsions homogenized at 40 and
60MPa, with one pass through homogenizer, destabilized after 1 and 6
days of storage, respectively. At higher FPI concentration (0.7% w/v), a
decrease in the CI was observed with increasing homogenization pres-
sure and/or the number of passes. Regardless of the method of protein
isolate production (isoelectric precipitation or salt extraction), Karaca
et al. (2011) also observed phase separation in emulsions containing
higher ﬂax protein isolate concentration (1% w/w) and lower ﬂaxseed
oil content (20% w/w) than those evaluated in our work.
3.2.2. Microstructure
The structure of the emulsions stabilized by different FPI concentra-
tions was assessed by ﬂuorescence microscopy and the images under
white (top) and ﬂuorescent light (bottom) are presented in Fig. 3. An
emulsion in destabilization process was observed at lowest FPI concen-
tration (0.14%w/v).While that, at 0.35% (w/v) FPI, an emulsionwith an
onset of gelation was visualized, and at highest FPI concentration (0.7%
w/v), the emulsionswere gelled.Moreover, at higher FPI concentrations
(0.35 or 0.7% w/v), a protein excess was observed on the microscopy of
the cream phase of the emulsions. It was evidenced by the lighter
regions in images under ﬂuorescent light, since Rhodamine B dye was
used to stain the protein molecules.
3.2.3. Rheological properties
The ﬂow curves of the top phase of the emulsions were ﬁtted to the
power lawmodel (R2 N 0.996) and the bottom phase to the Newtonian
model (R2 N 0.973). The rheological parameters are presented in
Table 2. The apparent viscosity at a low shear rate (3 s−1) was analyzed
in order to evaluate the viscosity under conditions more closed to stor-
age (rest). In general, an increase in the number of passes and/or the FPIconcentration led to a signiﬁcant increase (p b 0.05) in the ﬂow behav-
ior index (n), as well as a decrease in the consistency index (k) and in
the apparent viscosity of the top phase of the emulsions. The viscosity
of the bottomphase of the emulsions usuallywas not signiﬁcantly inﬂu-
enced by pressure and number of passes through the homogenizer. At
Table 2
Rheological parameters obtained from the Newtonian and the power lawmodel and the apparent viscosity at 3 s−1 (η3) for the O/W emulsions stabilized by FPI (0.14, 0.35 or 0.7% w/v).
Homogenization pressure (MPa)
40 60FPI
(% w/v) Phase Number of passes
1 2 1 2
0.14
Top
n 0.61 ± 0.02bC 0.66 ± 0.01aC 0.57 ± 0.01bC 0.69 ± 0.01aC
k (Pa·sn) 0.327 ± 0.045bA 0.242 ± 0.017bA 0.563 ± 0.058aA 0.245 ± 0.028bA
η3 (mPa·s) 162.67 ± 16.62bA 180.67 ± 6.43bA 292.00 ± 12.53aA 278.00 ± 6.00aA
Bottom η (mPa·s) 1.03 ± 0.02aC 1.00 ± 0.02aC 1.07 ± 0.06aC 1.10 ± 0.06aC
0.35
Top
n 0.65 ± 0.01cB 0.71 ± 0.00bB 0.70 ± 0.00bB 0.77 ± 0.00aB
k (Pa·sn) 0.221 ± 0.012aB 0.146 ± 0.006bB 0.237 ± 0.005aB 0.141 ± 0.071bB
η3 (mPa·s) 166.67 ± 13.61aA 182.00 ± 6.00aA 105.20 ± 5.91bB 120.33 ± 2.08bB
Bottom η (mPa·s) 1.46 ± 0.08aB 1.42 ± 0.00abB 1.39 ± 0.03abB 1.30 ± 0.02bB
0.7
Top
n 0.69 ± 0.00cA 0.79 ± 0.00aA 0.72 ± 0.01bA 0.80 ± 0.00aA
k (Pa·sn) 0.275 ± 0.016aAB 0.127 ± 0.010cB 0.224 ± 0.020bB 0.119 ± 0.007cB
η3 (mPa·s) 108.67 ± 3.21aB 58.93 ± 2.65cB 89.40 ± 5.14bB 54.53 ± 1.76cC
Bottom η (mPa·s) 2.29 ± 0.04aA 2.25 ± 0.08aA 2.28 ± 0.04aA 2.06 ± 0.04bA
Different letters indicate signiﬁcant differences (p b 0.05). Small letters: differences in the same line.
Capital letters: differences between concentrations in the same process condition.
Table 4
Protein concentration of the top (TP) and bottom (BP) phases and protein load (PL) of the
O/W emulsions containing different FPI concentrations (0.14, 0.35 or 0.7% w/v).
FPI
(% w/v)
Homogenization
pressure (MPa)
Number
of passes
Phase after
centrifugation
Protein
(%)
PLa
0.14
40
1 TP 0.31 ± 0.00
3.14 ± 0.03
BP 0.22 ± 0.00
2 TP 0.38 ± 0.03
3.60 ± 0.27
BP 0.12 ± 0.02
60
1 TP 0.40 ± 0.01
4.13 ± 0.07
BP 0.10 ± 0.02
2 TP 0.49 ± 0.00
4.52 ± 0.00
BP 0.04 ± 0.00
0.35
40
1 TP 0.62 ± 0.12
6.65 ± 1.24
BP 0.13 ± 0.00
2 TP 0.57 ± 0.04
5.71 ± 0.41
BP 0.10 ± 0.02
1 TP 0.62 ± 0.04
6.78 ± 0.44
BP 0.14 ± 0.03
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ilar to water, but the increase of protein concentration led to a higher
viscosity (p b 0.05).
The reduction in viscosity with the shear time (reduction in shear
stress value at a same shear rate) was an indication that the top cream
phase of the emulsions showed thixotropic behavior. The determined
area between the curves of ﬁrst and last shear cycle, the result of this
shear time-dependent behavior, is shown in Table 3. In general, hyster-
esis between the curves decreased signiﬁcantly (p b 0.05) with the in-
crease of the number of passes through the homogenizer. However,
the homogenization pressure did not exert a clear inﬂuence on shear
time dependence. The emulsions with a higher FPI concentration
(0.7% w/v) showed the highest values of thixotropy.
3.2.4. Protein load
The protein load (PL) of each emulsion was calculated based on the
protein concentration of the top cream phase of the emulsions stabi-
lized by FPI (Table 4). For the emulsions stabilized by 0.14% (w/v) FPI,
an increase in homogenization pressure or the number of passes
through the homogenizer led to an increase in the amount of protein
adsorbed on the surface oil droplets (top phase). Meanwhile, in the
emulsions containing higher FPI concentrations (0.35 or 0.7% w/v) the
interface seemed to be saturated, mainly with 0.7% (w/v), since a clear
inﬂuence of the homogenization conditions on the protein load was
not observed. The highest FPI concentration (0.7% w/v) led to greater
amount of protein adsorbed on the oil droplets. This indicates that pro-
tein adsorption at the oil–water interface is proportional to their con-
centration in the aqueous phase (Raikos, 2010; Taherian et al., 2011;
Ye, 2008).Table 3
Area between the curves corresponding to the ﬁrst and last shear cycle (thixotropy, Pa/s)
of the emulsions stabilized by FPI (0.14, 0.35 or 0.7% w/v).
FPI
(% w/v)
Homogenization pressure (MPa)
40 60
Number of passes
1 2 1 2
0.14 453 ± 11aC 345 ± 12cC 416 ± 16bC 281 ± 14dC
0.35 1127 ± 81aB 665 ± 5cB 1069 ± 22aB 845 ± 13bB
0.7 1388 ± 63bA 1619 ± 17aA 1460 ± 123abA 1135 ± 71cA
Different letters indicate signiﬁcant differences (p b 0.05). Small letters: differences in the
same line. Capital letters: differences in the same column.After centrifugation, three phases were observed in the emulsions
containing 0.14% (w/v) FPI: serum, cream and free oil phases. This be-
havior could be associatedwith the lack of protein to cover the oil drop-
lets, since in the emulsions stabilized by 0.35% (w/v) FPI the amount of60
2 TP 0.65 ± 0.02
6.84 ± 0.19
BP 0.00 ± 0.00
0.7
40
1 TP 1.34 ± 0.07
15.48 ± 0.81
BP 0.08 ± 0.00
2 TP 1.25 ± 0.04
14.70 ± 0.45
BP 0.11 ± 0.03
60
1 TP 1.22 ± 0.03
14.56 ± 0.32
BP 0.10 ± 0.02
2 TP 1.24 ± 0.10
15.52 ± 1.28
BP 0.10 ± 0.02
a In the top phase (TP).
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0.14 or (C, D) 0.7% (w/v) FPI and 30% (v/v) ﬂaxseed oil, homogenized at 40 MPa,
with (A, C) one or (B, D) two passes through the homogenizer.
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oil phase was not observed.
Such results indicate that a higher amount of FPI would be necessary
to stabilize the emulsions and there was a reduction in interfacial ten-
sion between aqueous and oil phases and a gel network formation
that stabilizes the continuous phase.
3.3. WPI–FPI emulsions
3.3.1. Creaming stability
The emulsions stabilized byWPI (3%w/v) and FPI (0.14 or 0.7%w/v),
homogenized at high pressure (40 or 60 MPa), with one or two passes
through the homogenizer, showed phase separation during storage.
However, they separated in a different way depending on the FPI con-
centration (Fig. 4). The systems with the lowest FPI concentration
(0.14% w/v) showed a separation in two cream phases, with theDifferent letters
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Fig. 5. Particle size distribution, mean droplet diameter (d32) and span of the O/W emulsions c
enized at 40 or 60 MPa, with one or two passes through the homogenizer. Phase of the emulsiformation of a “top cream concentrated phase” and a “bottom cream
phase”. On the other hand, the emulsions containing 0.7% (w/v) FPI, ex-
hibited a more pronounced phase separation, with a “top cream phase”
and a “bottom serum phase”, without separation of cream phase as ob-
served with 0.14% (w/v) FPI. The bottom aqueous phase observed with
higher FPI concentration could be explained by depletion effects due to
the presence of two biopolymers competing by the interface. Moreover,
theﬂaxseed gumpresent in the FPI (Table 1) can bind to thewatermore
easily, favoring phase separation.
In general, the emulsions (0.14 or 0.7% (w/v) FPI) started to destabi-
lize at ﬁrst day and remained almost constant after 4 days of storage. The
corresponding values of the separated bottom phase of the WPI–FPI
emulsions after 14 days of storage are presented in Fig. 4. An increase
of pressure and the number of passes through the homogenizer in-
creased even more the phase separation of the emulsions containing
0.7% (w/v) FPI (increased the bottom serum phase), but led to more sta-
ble emulsions with 0.14% (w/v) FPI (decreased the separated top cream
concentrated phase). Such results suggest thatWPI–FPI stable emulsions
(with no phase separation) could be obtained if more drastic homogeni-
zation conditions (pressure and number of passes) were used, in combi-
nation with low content of FPI in mixed systems.3.3.2. Particle size distribution
The particle size distribution of the top cream concentrated phase of
the emulsions containing 0.14% (w/v) FPI was inﬂuenced only by in-
crease of the number of passes, which led to a reduction in size and
polydispersity of the droplets (Fig. 5A). Generally, in the top cream
phase of the emulsions containing 0.7% (w/v) FPI (Fig. 5B), the increase
of pressure and the number of passes decreased the polydispersity of
the droplets. However, a bimodal distributionwas observed, with an in-
creased population of smaller droplets, in the extremeprocess condition
(60MPa, two passes), which could be explainedby the increased viscos-
ity that makes difﬁcult the coalescence of the droplets.
Homogenization pressure and the number of passes did not exert
inﬂuence on the particle size distribution of the bottom cream phase
of the emulsions containing lower FPI concentration (0.14% w/v)
(Fig. 5A), but led to an increase in volume of smaller droplets of the bot-
tom serum phase of the emulsions containing higher FPI concentration
(0.7% w/v) (Fig. 5B). indicate significant differences (p<0.05). Small letters: differences in the same line.
ifferences between concentrations in the same process condition. 
ontaining 3% (w/v)WPI, (A) 0.14 or (B) 0.7% (w/v) FPI and 30% (v/v) ﬂaxseed oil, homog-
on: top (black color) and bottom (gray color) phase.
Fig. 6.Microstructures of the top (TP) and bottom (BP) phases of the O/W emulsions con-
taining 3% (w/v)WPI, 0.14 or 0.7% (w/v) FPI and 30% (v/v) ﬂaxseed oil. Scale bar= 25 μm.
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primarily responsible for the signiﬁcant reduction (p b 0.05) in the d32
values of the top and bottom phases of the emulsions (0.14 or 0.7%
(w/v) FPI) (Fig. 5). In addition, increasing FPI concentration also led to
a signiﬁcant decrease (p b 0.05) in themean droplet diameter, especial-
ly in the top cream phase of the emulsions. In general, the span values
(dispersion index) of the bottom serum phase with 0.7% (w/v) FPI
were greater (p b 0.05), and the highest value was noticed in the
extreme homogenization condition (60 MPa, two passes). This result
is in agreement with the large increase in volume of smaller droplets
observed in Fig. 5B.
3.3.3. Microstructure
The microscopic images of the top and bottom phases of the mixed
emulsions (Fig. 6) suggest a protein excess (lighter regions under
ﬂuorescence) in both emulsions (0.14 or 0.7% (w/v) FPI). Furthermore,Table 5
Rheological parameters obtained from theNewtonian and the power lawmodel and the appare
0.7% w/v).
% FPI
(w/v)
Phase
4
1
0.14
Top n 0.81 ± 0.02aA
k (Pa·sn) 0.027 ± 0.003bB
η3 (mPa·s) 37.60 ± 3.12bB
Bottom n 0.80 ± 0.04ab
k (Pa·sn) 0.009 ± 0.002b
η3 (mPa·s) 16.05 ± 1.65bc
0.7 Top n 0.64 ± 0.00aB
k (Pa·sn) 0.152 ± 0.007cA
η3 (mPa·s) 209.33 ± 12.10cA
Bottom η (mPa·s) 2.83 ± 0.01a
IS = insufﬁcient sample for analysis.
Different letters indicate signiﬁcant differences (p b 0.05). Small letters: differences in the sam
Capital letters: differences between concentrations in the same process condition.a decrease in droplet size with increasing FPI concentration and the
number of passes through the homogenizer was observed in the top
phase, in agreement to the observed in Fig. 5. But, it was not possible
to observe homogenization pressure effect on the structure of the emul-
sions stabilized by WPI and FPI.
According to the bottom cream phase microstructures (0.14% w/v
FPI) (under white light), oil droplets were observed in this phase,
which was expected since the phase separation of these emulsions
was less drastic. However, in the emulsions containing 0.7% (w/v) FPI,
practically no oil droplet was visualized in the bottom serum phase
(not shown).3.3.4. Rheological properties
The ﬂow curves of the WPI–FPI emulsions were well-ﬁtted
(R2 N 0.996) to the Newtonian and power law models (Eqs. (4) and
(5), respectively). Table 5 shows these results aswell as the apparent vis-
cosity values at 3 s−1 (η3). Separated phases of the emulsions containing
0.14% (w/v) FPI (top cream concentrated and bottom cream) showed
shear thinning behavior. On the other hand, the emulsions containing
0.7% (w/v) FPI showed Newtonian and shear thinning behavior for the
bottom serum and top cream phases, respectively. The increase of ho-
mogenization pressure and the number of passes led to an increase in
the apparent viscosity and in the consistency index (k), but also led to
an increase in the pseudoplasticity (lower n) of the top cream phases
of the emulsions containing both FPI concentration (0.14 or 0.7% w/v),
opposite result to that observed in the absence of WPI with increasing
number of passes (Table 2). The bottom serum phase of the emulsions
with higher FPI concentration practically was not inﬂuenced by the pro-
cess conditions.
The increase of FPI concentration modiﬁed the ﬂow behavior of the
bottom phase of the emulsions from shear thinning to Newtonian. In
addition, a decrease in viscosity of this phase was observed, which
could be a consequence of oil droplet excess interacting and forming
an emulsion packed in the top cream phase. It was also observed that
at lower FPI concentration (0.14% w/v), the increase of the number of
passes through the homogenizer hindered the phase separation, de-
creasing height of the top cream concentrated phase. Such result
could be associated to the higher viscosity (Table 5) and lower droplet
size (Fig. 5) in the bottom creamphase. According to Stokes' law, thede-
crease in average size of fat droplets and the increase of the continuous
phase viscosity reduce the creaming velocity, enhancing the stability of
the emulsions (Desrumaux&Marcand, 2002). The highest viscositywas
observed in the top cream phase of the emulsion containing 0.7% (w/v)nt viscosity at 3 s−1 (η3) for the O/W emulsions stabilized byWPI (3%w/v) and FPI (0.14 or
Homogenization pressure (MPa)
0 60
Number of passes
2 1 2
IS 0.76 ± 0.02bA IS
0.141 ± 0.023aB
144.00 ± 4.00aB
0.76 ± 0.03b 0.85 ± 0.01a 0.80 ± 0.01ab
0.016 ± 0.003a 0.008 ± 0.001b 0.014 ± 0.001a
27.60 ± 6.90a 10.65 ± 0.25c 24.75 ± 0.65ab
0.59 ± 0.01b 0.59 ± 0.01bB 0.56 ± 0.01c
0.337 ± 0.014b 0.315 ± 0.008bA 0.684 ± 0.071a
412.00 ± 8.72b 368.33 ± 9.02bA 686.33 ± 30.92a
2.83 ± 0.03a 2.78 ± 0.01b 2.77 ± 0.01b
e line.
Table 6
Surface protein concentration (SPC) (mg/m2) of the O/W emulsions stabilized by WPI
(3% w/v) and FPI (0.14 or 0.7% w/v).
% FPI
(w/v)
Homogenization
pressure (MPa)
Number of
passes
Protein
(%)a
Surface area
(m2/g)a
SPC
(mg/m2)
0.14
40
1 2.06 ± 0.06 4.25 ± 0.06 4.85 ± 0.13aB
2 2.23 ± 0.09 5.22 ± 0.12 4.28 ± 0.18bB
60
1 2.25 ± 0.15 4.39 ± 0.04 5.12 ± 0.34aA
2 2.59 ± 0.08 5.62 ± 0.09 4.61 ± 0.14abA
0.7
40
1 2.96 ± 0.06 4.90 ± 0.03 6.05 ± 0.12aA
2 3.16 ± 0.02 6.89 ± 0.02 4.59 ± 0.04cA
60
1 2.91 ± 0.02 5.41 ± 0.09 5.38 ± 0.04bA
2 3.55 ± 0.04 12.23 ± 0.06 2.91 ± 0.03dB
Different letters indicate signiﬁcant differences (p b 0.05). Small letters: differences in the
same concentration. Capital letters: differences between concentrations in the same
process condition.
a Corresponding to the top phase.
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about the particle size distribution of this condition (Fig. 5B).
3.3.5. Surface protein concentration
The surface protein concentration (SPC) of the WPI–FPI emulsions
was determined and the results are presented in Table 6. The second
pass through the homogenizer resulted in a reduction in the amount
of protein adsorbed at the surface of the oil droplets and the increase
of homogenization pressure led to a similar behavior for the emulsions
containing 0.7% (w/v) FPI. Increasing FPI concentration, a signiﬁcant in-
crease (p b 0.05) on the surface protein of the emulsions homogenized
at 40 MPa was observed, but at 60 MPa with two passes through the
homogenizer, there was a signiﬁcant reduction of the SPC, due to the
much higher surface area (lower mean droplet diameter, Fig. 5). A
decrease in surface concentration with increasing homogenization
pressure (i.e., increasing oil surface area)may be attributed to increased
spreading and rearrangement of adsorbed protein molecules at the in-
terface (Srinivasan, Singh, & Munro, 1996).
4. Conclusions
FPI- and WPI–FPI-stabilized emulsions showed phase separation,
which was affected by the FPI concentration and homogenization
conditions (pressure and number of passes). A higher FPI content
(0.7% w/v) led to a greater creaming stability of the FPI systems as con-
sequence of the gel network formation in the continuous phase and
partly also to decreased interfacial tension between aqueous and oil
phases, while themixed systemsweremore unstable at this concentra-
tion, which could be attributed to depletion effects. The increase in
pressure and the number of passes improved creaming stability of the
FPI (0.7% w/v) and WPI–FPI (0.14% w/v) emulsions, but increased the
creaming instability of the WPI–FPI (0.7% w/v) emulsions. Higher
number of passes through the homogenizer led to a decrease in the con-
sistency index and in the pseudoplasticity of the top phase of the emul-
sions stabilized by FPI, which exhibited shear thinning and thixotropic
behavior. Opposite effect was observed for the WPI–FPI emulsions
(top cream phase) in more drastic homogenization conditions. Thus,
our results suggest that the combination of a low FPI concentration
(0.14% w/v) with WPI (3% w/v), using more drastic homogenization
conditions, improved the kinetic stability of the emulsions. A higher ho-
mogenization pressure (60 MPa) and two passes through the homoge-
nizer should be used in order to obtain a better creaming stability of the
emulsions composed bywhey andﬂaxseed proteins. Therefore, the best
process conditions and composition of the emulsionswith the presenceof functional compounds (protein and ﬁber) were deﬁned and these
could be applied in food products with beneﬁcial effects for human
health.
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